Hexim1 is a cellular protein that associates with the positive transcription elongation factor b (P-TEFb) to regulate RNA polymerase II elongation of nascent mRNA transcripts. It directly binds to Cyclin T1 of P-TEFb and inhibits the kinase activity of Cdk9, leading to an arrest of transcription elongation. Here, we report the solution structure of the Cyclin T binding domain (TBD) of Hexim1 that forms a parallel coiled-coil homodimer composed of two segments and a preceding alpha helix that folds back onto the first coiled-coil unit. NMR titration, fluorescence, and immunoprecipitation experiments revealed the binding interface to Cyclin T1, which covers a large surface on the first coiled-coil segment. Electrostatic interactions between an acidic patch on Hexim1 and positively charged residues of Cyclin T1 drive the complex formation that is confirmed by mutagenesis data on Hexim1 mediated transcription regulation in cells. Thus, our studies provide structural insights how Hexim1 recognizes the Cyclin T1 subunit of P-TEFb, which is a key step toward the regulation of transcription elongation.
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Cyclin T1 ͉ NMR spectroscopy ͉ transcription elongation T ranscriptional elongation by RNA polymerase II (pol II) is a highly regulated process that generates full-length RNA transcripts and coordinates transcription with pre-mRNA processing (1) . The positive transcription elongation factor b (P-TEFb) is a key regulator for the transition from abortive to productive elongation of mature mRNA molecules (2) . The core form of P-TEFb is a heterodimer between the cyclin-dependent kinase 9 (Cdk9) and its regulatory subunit Cyclin T1 (CycT1) or the minor forms T2 or K. Transcription activation by P-TEFb depends on the kinase activitiy of Cdk9, which phosphorylates the C-terminal domain (CTD) of the largest subunit of RNA pol II to stimulate the processivity of elongation (3) . Initially, P-TEFb has been found to play a critical role in stimulating the transcription of HIV-1 genes, where the viral transactivator protein Tat recruits P-TEFb to stalled RNA pol II molecules (2) . At present, P-TEFb is considered a global transcriptional elongation factor important for the expression of most RNA pol II-regulated genes (4) .
Recently, it has been found that P-TEFb itself is subject to a tight regulation, because approximately half of nuclear P-TEFb in HeLa cells is sequestered in an inactive state. This inactive complex is composed of the Cdk9/CycT1 heterodimer bound to the abundant small nuclear RNA 7SK and the regulatory protein Hexim1 (5) (6) (7) (8) (9) (10) . Whereas 7SK is supposed to serve as a molecular scaffold to mediate the interaction of Hexim1 with P-TEFb, Hexim1 binds directly to the cyclin box repeats of CycT1 and inhibits the kinase activity of Cdk9. The other half of P-TEFb heterodimers is catalytically active and binds the bromodomain protein, Brd4 (11, 12) , which has high affinity for the acetylated tails of core histones H3 and H4 and can bind the Mediator complex.
Hexim1 was initially identified as a protein whose expression is induced in vascular smooth muscle cells in response to hexamethylene bisacetamide treatment (13, 14) . Human Hexim1 consists of 359 aa and is tentatively divided into four regions [supporting information (SI) Fig. 5A ]: a variable N-terminal region (1-149) that is suggested to have a self inhibitory function; a central nuclear localization signal (NLS, 150-177) that interacts with the nuclear transport machinery and directly binds to 7SK snRNA; a region of highest homology (185-220), including a negatively charged cluster that might be involved in P-TEFb inhibition; and a C-terminal Cyclin T binding domain (TBD) (255-359) that leads to dimerization of Hexim molecules (7) (8) (9) (10) (15) (16) (17) (18) . The Cyclin T binding region constitutes a stable domain and was suggested to form a coiled-coil structure.
Here, we present the solution structure of the dimeric Cyclin TBD of Hexim1 255-359 that consists of two coiled-coil segments and an adjacent helix. NMR mapping experiments and mutagenesis studies in vitro and in cells revealed the binding interface to Cyclin T1, which covers a large and highly charged surface on the first coiled-coil segment. Hexim1 recognizes Cyclin T1 through an association process that is mainly driven by electrostatic interactions. Thus, our studies provide structural insights how Hexim1 targets P-TEFb for the regulation of transcription elongation.
Results
The Hexim1-TBD Forms a Bipartite Coiled-Coil with a Preceding Helix.
The 3D structure of the TBD of human Hexim1 (residues 255-359) was determined by using heteronuclear NMR spectroscopy in solution. The structure was calculated by using 2,973 restraints and refined in a water shell, yielding a final ensemble of 20 lowestenergy structures with 96.3% of the backbone ⌽-/⌿-angle combinations in folded segments occupying the most favored region of the Ramachandran plot (SI Table 1 ).
The structure of the Hexim1-TBD is a parallel bipartite homodimeric coiled-coil that forms a left-handed superhelix with a length of 95 Å and a diameter of Ϸ20 Å (coiled-coil parameters are given in SI Table 2 ). The canonical ␣-helical fold of the coiled coil is split into two segments of approximately similar length. Helices ␣2/␣2Ј comprise residues K284 to K313 and helices ␣3/␣3Ј residues D319 to Q348, each forming eight turns of Ϸ40 Å length. The coiled-coil region is preceded by a short ␣-helix (␣1) from residue T276 to N281 that docks onto the first coiled-coil segment of the mutual opposite helix ␣2Ј (Fig. 1B and SI Fig. 6 ). The N-terminal 20 and the C-terminal 10 residues appeared flexible and not restrained by intermediate or long range NOEs, but truncation or extension of the N-terminal linker segment severely influenced the expression yield and solubility properties of this domain.
The TBD Coiled-Coil Dimer Interface. Left-handed coiled-coil structures are characterized by a repeating pattern of seven residues, denoted (abcdefg) n . Residues at positions a and d are typically nonpolar and form the oligomerization interface of the helices, whereas residues at e and g are largely solvent exposed, polar residues that guide the oligomerization specificity through electrostatic interactions (19) . Parallel coiled-coil structures display a distinctive ''knobs-into-holes'' packing, in which the side chains of residues at the heptad repeat a and d positions form successive layers. Although residues 284-348 of Hexim1 adopt the structure of a typical coiled-coil domain ( Fig. 1 A-C) , the sequence of the interacting dimer surface varies from the strict consensus (Fig. 1D) . In the first coiled-coil segment (␣2/␣2Ј), one a position is occupied by leucine, and one by asparagine. Both residues are often observed at this position in dimeric coiled-coils (20) . However, none of the four amino acids occupying an a position is ␤-branched (Ile, Val, Thr) as favored for a tight packing in a coiled-coil dimer (19) . Instead, one a position is occupied by a charged residue (K284), and the following one is occupied by a bulky polar aromatic residue (Y291), and both are highly evolutionary conserved (SI Fig. 5B ). The observed sequence of residues at the a position (K284, Y291, L298, N305) might therefore confer dimerization specificity and define the start of the coiled-coil at the expense of a lower stability because of less tight ␣-helical packing. The d positions in this segment are occupied by leucines and methione, which are both favored at this position. Most of the interface of the second coiled-coil segment (␣3/␣3Ј) shows good conformity with the heptad consensus sequence. The first three repeats contain leucines at the d position and valine, leucine, and asparagine at the a position. The last heptad repeat d position is occupied by histidine, which is commonly not found at this position and might thereby promote the termination of the dimeric coiled-coil.
The e and g positions are typically occupied with charged residues and influence the pairing specificity. Attractive ionic interactions between heptad repeat position g of one strand and eЈ of the opposite one (denoted as i 3 iЈ ϩ 5) stabilize the coiled-coil dimer, whereas repelling ones destabilize it. Although E290 and E295 in the N-terminal coiled-coil form a repulsive pair, only E304 and R309 strengthen the binding interface (Fig. 1D) . The situation is more uniform on the second coiled-coil segment where three favorable ionic interactions are formed (R321-E326, E328-R333, E342-R347). (21) showed that rotational diffusion of the TBD is significantly better described by an axially symmetric diffusion tensor than with an isotropic model
. A fully anisotropic model did not further improve the fit. The long axis of the axially symmetric diffusion tensor is parallel to the long axis of the molecule with rotational correlation times ʈ ϭ 7.2 ns and t -ϭ 21.4 ns (SI Table 3 Fig. 8 ). New resonances that would represent the TBD in the CycT1-TBD complex did not appear, most likely because of a low stability of CycT1 and unspecific aggregation of the 60-kDa protein complex, which would broaden the signals beyond detection. Other factors that could have influenced the observed loss in signal intensity are local motions and the degree of separation between the chemical shifts of the free and the bound form. For a quantitative evaluation, the ratio of the TBD resonance peak intensities [I(TBD free )/I(TBD bound )] was calculated at a molar ratio of 0.5 CycT1 to TBD ( Fig. 2A) . Because of the overlap of resonances, some peak intensities could not be determined and were omitted in the diagram. The largest intensity changes were observed for residues within the first two heptad repeats (KEYL, 289-292) of the first coiled-coil segment. In addition, large intensity changes were observed for the backbone amides of residues E295, K296, S299, E302, and N306. All these residues are located on the first coiled-coil segment of the TBD, suggesting that this structure forms the recognition site for CycT1. Two other resonances that showed increased intensity changes are L279 and S283, located on the preceding helix ␣1 and the connecting loop to the coiled-coil section.
The results of the NMR titration were mapped on the surface of the TBD structure (Fig. 2B) . Of the 12 most affected residues, 3 are located at heptad repeat b positions (L292, S299, N306), and 4 additional residues (E295, E302, K289, K296) are on the adjacent e and f positions. Y291 was the only amino acid at a core forming a position that was perturbed upon binding, inline with the suggestion that large aromatic and hydrophilic amino acids at these positions destabilize the coiled-coil interface. Mapping the identity conservation onto the structure of the TBD revealed that residues on the surface of the first coiled-coil segment are more conserved than those of the second, whereas residues in the coiled-coil interface at a and d positions are overall well conserved ( Fig. 2C and SI Text). A continuous surface of high sequence conservation that is formed by residues on helices ␣1Ј and ␣2 overlaps well with residues that were found to interact with CycT1 based on the NMR titration data.
Mutational Analysis of the Binding Interface Between Hexim1-TBD and
Cyclin T1. The binding interface between TBD and CycT1 was further characterized by mutagenesis studies. Based on the NMR titration data, the proximity of CycT1 binding residues on the surface of the TBD structure and on sequence conservation, 16 individual mutants of the TBD ranging from positions E277 to N311 were constructed. For direct comparisons and to minimize the influence on the structural integrity of the TBD, only alanine mutations were generated. Mutations at core forming positions that would possibly destabilize the coiled-coil dimer were omitted. In addition, a triple mutant E286A/E290A/E293A (named 3E-A) that destroys the negatively charged surface patch on the first coiled-coil segment was generated. First, GST-fused CycT1 coupled to GSHSepharose beads was used to pull down wild-type or mutant TBD protein that had been added in equal amounts (SI Fig. 9) .
For a quantitative analysis of the mutant binding a fluorescence competition assay (22) was developed that is based on the displacement of wild-type TBD from its binding site on CycT1 by the addition of excess mutant TBD (Fig. 3A) . Dissociation with wildtype TBD or buffer solution decreased the fluorescence signal intensity by 23% and 4%, respectively. Several of the TBD mutant proteins showed a significantly diminished ability to displace TBD-EDANS from CycT1. For eight of the mutant proteins, the dissociation constant K d was Ͼ4-fold higher than for wild-type TBD (SI Table 4 ). Knowing the association and dissociation rates of wildtype TBD to CycT1 from previous (15) and present experiments, the kinetic parameter for the binding of mutant Hexim1 could be calculated from the slope of the curve. L292A showed a 4-fold higher k off rate but a similar k on rate, which is typical for the loss of a hydrophobic interaction upon mutation. K289A, K296A, and 3E-A all showed reduced k on rates indicating the efficacy of electrostatic interactions for the association of the two molecules.
The loss of electrostatic attraction upon mutation of a negatively charged cluster in the binding interface of the TBD prompted us to test for a positively charged region in the cyclin box repeats of CycT1. Residues K247, R251, K253, and R254 of CycT1 (1-281) were mutated to alanines, termed KR4A, and the binding kinetics for the interaction with the TBD were determined by stopped flow measurements (Fig. 3B) . The association rate k on was reduced Ͼ6-fold and the dissociation rate k off increased Ϸ3-fold, resulting in an apparent K d of 68 M for the mutant protein. These results strongly support the electrostatic nature in the association of CycT1 and TBD and help to explain previous observations of mutually exclusive binding of either Hexim1-TBD or HIV-1 Tat to CycT1 (15) by mapping the interaction to a similar region.
Binding of Mutant Hexim1 to P-TEFb in Cells.
The importance of the identified residues of Hexim1 to bind, and thus inhibit P-TEFb was further investigated by expressing selected full-length FLAG epitope-tagged Hexim1 (f.Hxm1) mutants in HeLa cells. Because the interaction between TBD and CycT1 is most likely of electrostatic nature, we mutated residues E290, E295, and E302, which form part of a negatively charged patch on the surface of the TBD (Fig. 1C) . Moreover, we mutated L292 and N306 within the second and fourth heptad repeat, respectively. The selected residues were substituted by alanines individually or in combination.
Mutated and wild-type f.Hxm1 proteins were expressed in HeLa cells, immunoprecipitated from total cell lysates, and tested for binding to endogenous P-TEFb by Western blot analysis with antibodies directed against CycT1. As expected, wild-type f.Hxm1 bound CycT1 in cells (Fig. 4A, lane 2) . None of the tested single amino acid substitutions abrogated binding completely (Fig. 4A,  lanes 3-7) , but mutation of the acidic residues E295A or E302A decreased the binding affinity (lanes 5-6). The combined mutation of E290 and E295 reduced the binding further (Fig. 4B, lane 4) , whereas the double mutation E302A/N306A did not show a significant effect (lane 6). When three or four residues were substituted together, binding to CycT1 was in general strongly reduced (Fig. 4B, lanes 7-10) . Levels of f.Hxm1 proteins in the immunoprecipitations were comparable (Fig. 4 A and B Lower) .
P-TEFb Inhibition Requires Residues in the N-Terminal TBD Coiled-Coil
Segment. The contribution of the identified residues on the inhibitory property of Hexim1 was addressed by transcriptional assays in HeLa cells, using a system consisting of chimeric Gal4.CycT1 protein and the plasmid reporter pG6TAR, which contains six Gal4 DNA binding sites positioned upstream of the HIV-1 long terminal repeat (HIV LTR), followed by the chloramphenicol acetyltransferase (CAT) reporter gene. The recruitment of Gal4.CycT1 to the pG6TAR promoter activates transcription that depends on the kinase activity of P-TEFb (23). When we expressed the Gal4.CycT1 chimera together with pG6TAR in HeLa cells, the levels of CAT activity increased 32-fold over the basal levels, whereas coexpression of the wild-type f.Hxm1 protein decreased this activity to 4-fold (Fig. 4C, bars 1 and 2) . Alanine substitutions of E290, L292, E295, and E302 reduced the ability of f.Hxm1 to inhibit P-TEFb in cells, whereas the substitution of N306 had no effect (Fig. 4C, bars 3-7) . When compared with the inhibition by the wild-type f.Hxm1, this effect ranged from 1.6-fold (L292) to 5-fold (E295). The mutations K289A or K296A only slightly affected transcription inhibition, but effects were more pronounced by using lower amounts of transfected plasmids (SI Fig. 10 ). Based on circular dichroism data the mutant K289A has about the same amount of ␣-helical secondary structure as wild-type TBD indicating that the mutation did not disrupt the coiled-coil fold (SI Fig. 11) .
Mutant f.Hxm1 proteins with double substitutions mostly lost their inhibitory abilities (Fig. 4D, bars 3-7) . In agreement with the binding studies, the biggest effect was seen when E290 and E295 were mutated together, which resulted in the complete inactivation of f.Hxm1 (lane 4). The combination of double substitutions (Fig.  4E) or the triple mutant E286/E290/E293 (SI Fig. 10 ) rendered f.Hxm1 proteins nonfunctional. In summary, CycT1 recognizes a large surface composed of mostly acidic residues that are scattered along the first coiled-coil segment of the Hexim1-TBD structure.
Discussion
Our studies showed that the C-terminal region of Hexim1 forms a bipartite dimeric coiled-coil of which the first segment is required for the interaction with the CycT1 subunit of P-TEFb. The residue composition of this coiled-coil segment diverges significantly from that of an ideal parallel coiled-coil, exhibiting evolutionary conserved charged and bulky polar residues at the heptad a positions (K284, Y291) and hydrophobic residues at e and b positions (I288, L292). Moreover, conserved charged residues at positions g and e contribute to a negative surface patch (E290, E295) instead of forming a stabilizing salt bridge between the dimer chains. The second segment matches almost perfectly the preferred canonical consensus, suggesting a stable association of both strands. Thus, several features that distinguish the two coiled-coil segments provide a foundation for their functional differences.
In vitro binding assays and functional in vivo experiments delineated a large and acidic CycT1 binding interface on the first coiled-coil segment of the TBD. The observed small differences in the contribution of individual residues to the binding affinity and the inhibition of transcription activity can be accounted for by the different experimental set-up for the in vitro and in vivo experiments. In GST-pull down and fluorescence competition displacement experiments, individually purified domains were used, whereas the immunoprecipitation and in vivo transactivation analysis were performed with full-length proteins in cells that harbor the cofactors Cdk9 and 7SK snRNA. Previous studies showed that the cyclin box repeat region of CycT1 (1-292) is sufficient for binding to Hexim1 and that residues outside this domain do not contribute to the interaction with Hexim1 (9).
Despite conserved differences from the heptad repeat consensus sequence, the structure of the first coiled-coil segment and the preceding ␣-helix is preserved in a TBD construct that lacks the second coiled-coil segment (Hexim1 255-316, SI Fig. 7B) . A functional consequence of this is that C-terminally truncated TBD still binds CycT1 and inhibits transcription activity of P-TEFb (9, 15) . In contrast, full length Hexim1 with two mutated heptad repeat d positions (L287R and L294R), showed a markedly reduced ability to inhibit P-TEFb in the presence of 7SK snRNA (16) . Because these mutations are at the dimerization interface, the structural integrity of the first TBD coiled-coil segment seems to be required for P-TEFb recognition. A cooperative interaction between Hexim1 and P-TEFb for two individual binding sites at the 5Ј and 3Ј hairpin loops of 7SK snRNA was suggested recently (24) . 7SK snRNA might thus act as a stabilizing factor that gains additional specificity for the CycT1-Hexim1 interaction.
But how might Hexim1, bound to the CycT1 subunit of P-TEFb, repress the Cdk9 kinase activity? The presence of the TBD within Hexim1 was found to be required for inhibition of P-TEFb in cells (15) and an N-terminal truncation mutant of Hexim1 (181-359) inhibited P-TEFb in vitro independently of 7SK snRNA (10, 16) . In analogy to the inhibition of the Cdk2/CycA complex by p27 Cip2 (25) , it has been suggested that tyrosines N-terminal of the determined CycT1 binding site (Y203, Y271) might block the ATP binding site in Cdk9 (10, 16) . As shown here, the TBD of Hexim1 binds in close vicinity to the TRM region of the C-terminal helices of the CycT1 cyclin box repeats. Therefore, a catalytically repressive motif in Hexim1 is expected to be rather distant from the CycT1 binding site to cover the distance to the nucleotide binding site of the kinase that is supposed to reside on the opposite side of the cyclin molecule. p27 Cip2 inhibits Cdk2 by binding and subsequent folding of an elongated region of Ϸ70 residues that covers a combined Cdk2/ CycA surface (25) . Moreover, studies with the Cdk2/CycA substrate CDC6 showed that recognition and discrimination against different substrates are achieved by a recruitment site on the cyclin and a second interaction site on the kinase that are connected by a linker of defined length and composition (26) . For Hexim1, bridging between a Cdk9-inactivating tyrosine and the CycT1 interface would be consistent with our observation that the region N terminus of the first TBD ␣-helix (242-276) that is rich in conserved residues is unstructured and flexible. Alternatively, Hexim1 could bind the Cdk9/CycT1 heterodimer and alter the shape of the Cdk9 catalytic cleft by allosteric interactions, thus interfering with kinase ATP binding. Finally, binding of the Hexim1 dimer might displace the C-terminal helix of the cyclin boxes, which is known to determine the function and specificity of the respective Cyclin. Future studies will be directed to analyze the structure of the ternary complex formation between Cdk9, CycT1, and Hexim1 to further enlighten the mechanism of P-TEFb inhibition.
Materials and Methods
Plasmid Cloning, Protein Expression, and Purification. Plasmids encoding Hexim1-TBD fragments (242-359, 255-359, 255-316) were generated as described in ref. 15 . Site-directed mutagenesis was performed by using the mega-primer method similarly as described in ref. 27 . The DNA coding for CycT1 (1-272 or 1-292) was cloned into pGEX-4T1-tev (Amersham, Piscataway, NJ) and expressed as GST-fusion protein. The plasmid reporter pG6TAR and the plasmids coding for Gal4.CycT1 and f.Hxm1 are described in ref. 18 . To construct mutant f.Hxm1 proteins, the pFLAG-CMV-2.Hxm1 plasmids were subjected to site-directed mutagenesis, using the QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Hexim1 and CycT1 proteins were expressed from Escherichia coli BL21(DE3) cells (Novagen, Madison, WI) and purified as described in ref. 15 . Uniformly 15 N-or 13 C/ 15 N-labeled TBD was prepared in minimal medium containing 15 NH 4 Cl as the sole nitrogen source or 13 C 6 D-glucose as the sole carbon source, respectively. Fractions were analyzed by SDS/PAGE, and fractions containing Hexim1-TBD proteins (Ϸ98% pure) were concentrated (Amicon filter) up to 1.0 mM in 20 mM KP i (pH 7.4) buffer/50 mM NaCl/1 mM DTE and stored at Ϫ80°C. Fluorescence labeling of the TBD with the dye 1,5-IAEDANS (Molecular Probes, Eugene, OR) was performed as described in ref. 15 . Protein concentrations were determined by Bradford assay (Bio-Rad, Hercules, CA) and extinction coefficient measurements. NMR Spectroscopy. NMR samples contained Ϸ0.6-1.2 mM Hexim1-TBD in 20 mM KP i (pH 7.2) buffer (95% H 2 O/5% D 2 O or 100% D 2 O) with 50 mM NaCl/10 mM TCEP⅐HCl/1 mM DTE. The sample for measuring residual dipolar couplings was supplemented with Ϸ16 mg/ml PF1 phages (ASLA Biotech, Riga, Latvia). Mapping of the binding interface was performed on 0.1 mM samples of 15 N-labeled TBD titrated with 0-0.1 mM unlabeled CycT1 (1-292). NMR spectra were acquired at 308 K on Bruker (Newark, DE) DRX600 and DRX800 spectrometers. Data were processed with NMRPipe (28) and analyzed by using NMRView (29) . The assignments for 13 C, 15 N, and 1 H nuclei are described in ref. 30 .
Distance restraints were obtained from 15 N-and 13 C-edited NOESY spectra. Interchain distance restraints were derived from a 3D 13 C F1-edited, F3-filtered HMQC-NOESY spectrum (31, 32) recorded on a sample containing 13 Structure Calculations. Structure calculations were performed with X-PLOR-NIH (36), using molecular dynamics in torsion angle and cartesian coordinate space. Distance restraints were generated by using NMRView and classified according to NOE-crosspeak intensities. Upper bounds were 2.8, 3.5, 4.5, and 5.5 Å. The lower bound was always 1.8 Å. For all NOE restraints, r Ϫ6 sum averaging was used. Initially, all distance restraints from the 3D 15 N-edited NOESY spectrum were assigned as intrachain, because backbone amides in ␣-helices only rarely mediate interchain contacts. For the next calculation step, interchain distance restraints from the 3D F1-edited, F3-filtered 13 C-NOESY spectrum of the heterolabeled dimer sample were added. Distance restraints from the 13 C-edited NOESY spectrum of the uniformly 13 C-labeled sample were assigned as intra-or intermonomer or ambiguous, based on the presence of the same correlations in the 3D F1-edited F3-filtered 13 C-NOESY spectrum and the initial structure calculations. Backbone dihedral angle restraints for and were derived based on 3 J HNH␣ , using error bounds of Ϯ25°(Ϯ30°at the helix termini) and Ϯ40°, respectively. For regions with ␣-helical secondary structure, hydrogen bonds were defined by HN-O distance bounds of 1.8-2.3 Å and NOO distance bounds of 2.6-3.1 Å. Based on 3 J H␣H␤2/3 and 3 J NH␤2/3 coupling constants and NOE data, side chain 1 angles were restrained to one of the staggered conformations (60°, 180°, Ϫ60°) Ϯ30°. Residual dipolar couplings were included, using the ISAC algorithm (37) by calling the TENSO statement. The alignment tensors for residues 277-315 and 319-348 were fitted independently during the calculation. The final values for the force constants during the molecular dynamics in torsion angle (cartesian coordinate) space were 150 (50) kcal mol Ϫ1 Å Ϫ2 for NOE distance restraints, 50 (300) kcal mol Ϫ1 rad Ϫ2 for dihedral angle restraints, and 0.6 (1.2) kcal mol Ϫ1 Hz Ϫ2 for residual dipolar coupling restraints. The 20 best of 200 calculated structures were finally refined in a water shell (38, 39) .
In Vitro Binding Studies and Fluorescence Measurements. Fluorescence experiments were performed at 20°C in 20 mM Hepes (pH 7.5) buffer containing 50 mM NaCl, 1 mM TCEP, and 1% (vol/vol) glycerol. Kinetic dissociation measurements were done by using a SX.18MV stopped flow apparatus (Applied Photophysics, Leatherhead, Surrey, U.K.) by rapid mixing of a preequilibrated solution of 5 M CycT1 (1-292) and 5 M dimeric TBD-EDANS with 100 M excess of wild-type or mutant dimeric TBD. The dansyl-based fluorophore was excited at 337 nm, and the fluorescence emission was recorded through a 420-nm cutoff filter. The competition displacement curve was fitted to the fluorescence traces according to pseudo second-order kinetics. Dissociation experiments were analyzed with Scientist software, Version 1.0 (OriginLab, Northampton, MA).
Transient Transfection and CAT Reporter Gene Assay. HeLa cells were seeded into six-well plates or 100-mm-diameter Petri dishes Ϸ12 h before transfection and transfected with FuGENE6 reagent (Roche Applied Science, Indianapolis, IN). CAT enzymatic assays were performed as described in ref. 23 . Fold transactivation represents the ratio between the Gal4.CycT1-activated transcription and the activity of the reporter plasmid alone. Error bars give standard errors of the mean.
